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Column-crystallized InGaN/GaN quantum-well flower structure was deposited on pillared Si 111
substrate. Dotted GaN nuclei grew along the direction of the coming Ga and N atoms, forming
arrays of InGaN/GaN quantum-well flower structure. Raman spectra measurement demonstrated
that these crystals were fully relaxed. Photoluminescence measurement showed a room temperature
peak position of 556 nm and two peak positions of 400 and 549 nm at low temperature. Hg lamp
excited photoluminescence demonstrated a clear fluorescence distribution from the low to the top
part of the flower structure and much stronger emission compared with the quantum-well crystals on
the flat Si substrate. © 2006 American Institute of Physics. DOI: 10.1063/1.2364839
As a key part of some GaN-based optoelectronic de-
vices, InGaN/GaN quantum-well QW heterostructure has
been deposited on different substrates, such as SiC, Al2O3,
and Si.1–3 Among these substrates, Si substrate is important.
Usually, InGaN/GaN QW layers are deposited after the
growth of the underlying GaN layer and the properties of the
QW extensively depend on the quality of the GaN layer.
However, because of the mismatch of lattice constants and
thermal expansion coefficients between GaN and the under-
lying Si substrate, there exist dense defects and residual
strain in GaN thin film. In order to relax the strain and reduce
the defects, researchers used modified substrates as well as
the well-established lateral growth techniques.4,5 Another ef-
fective way is to grow nanocolumn crystal.6–8 However, the
column crystal is deposited on flat substrate until nowadays.
No one has tried to grow column crystal on the modified
substrate. Here we use micropillared Si 111 substrate for
the growth of InGaN/GaN QW nanocolumn crystal and
unique QW flower structure was fabricated.
The InGaN/GaN QW heterostructure was deposited by
molecular beam epitaxy MBE with radio frequency nitro-
gen plasma as gas source. A 3 in. 380 m thick Si 111
wafer 1  cm, p type was used as substrate. Arrayed Si
micropillars were fabricated on part of the substrate with
Si-micromachining process. A 0.15 m thick SiO2 thin film
was formed on the Si wafer surface by thermal oxidation. An
array of microcheckered pattern with a period  of 1 m
was transferred as a mask for the etching. Si substrate was
etched by reactive ion plasma of SF6. Finally the SiO2 mask
was removed by HF solution. The substrate with pillared Si
structure was cleaned again using Radio Corporation of
America RCA method before GaN deposition. Figure 1a
shows scanning electron microscopy SEM image of the
as-fabricated pillared Si substrate with a schematic cross-
sectional profile. The period  of the Si pillars is about
1 m. The Si pillar is approximately 7 m high and 0.3 m
wide. As shown in the inset of Fig. 1a, the Si pillar is wider
in the upper part than in the bottom part. Obviously, the Si
pillars were narrowed by the side etching effect of the aniso-
tropic etching. The top surface of the Si pillars is Si 111
since the Si surface is covered by the SiO2 mask during the
lithography. The sidewalls of the Si pillars are not the spe-
cific crystalline planes. On some region of the modified sub-
strate, the Si pillars were shortened by the nonuniformity of
the etching.
Figure 1b schematically shows the InGaN/GaN het-
erostructure growth process on the Si pillars. First, the Si
substrate was annealed and cleaned at a temperature of
790 °C for 30 min, and next the substrate was nitrified at a
temperature of 680 °C for 30 min. Low-temperature GaN
dotted-nuclei layer of 30 nm was deposited at a temperature
of 400 °C. Pure GaN thin film of 1.3 m was grown at
temperature 780 °C. Finally four-period InGaN/GaN mul-
tiple quantum-well layers were deposited at temperature of
590 °C. The thicknesses of the well layer and the barrier
layer were 6 and 18 nm, respectively. GaN cap layer of
20 nm was finally deposited. During the high temperature
annealing of the substrate and high temperature deposition of
the GaN, we found that the micropillared Si region visibly
glowed brighter than the flat Si region, which is similar to
the phenomenon happened in Ref. 9. They used nanopore Si
as substrate to deposit GaN and found a local increase of the
temperature and an accompanying luminescence in the pat-
terned Si region.
Figure 2 shows the SEM images of the as-synthesized
InGaN/GaN QW crystals. During the low-temperature GaN
nuclei formation, Ga and N atoms collided with each other
on the whole surface of the Si pillars and nucleated into
dotted-nuclei centers. Due to the large free space, GaN could
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FIG. 1. Color online SEM image of the Si pillars and the schematic
growth process of the column crystals. a SEM image of the Si micropil-
lars. The incident electron beam is a little tilted from the vertical axis. The
inset is the schematic cross-sectional profile of the Si pillars. b Schematic
figure of the growth process of the InGaN/GaN column crystals on Si
pillars.
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grow along the direction of the coming Ga and plasma N
source with the increase of the substrate temperature. Finally
InGaN/GaN QW flower or tree structure was formed, as
shown in Fig. 2a. It is clear from Fig. 2b that several tens
of QW nanocolumn crystals grew from one Si pillar and
formed a crystal flower structure. At the bottom of the Si
pillars, there also grew QW crystals. The diameter of the
column crystals is smaller than 100 nm. The lengths of the
QW crystals in the upper and low parts are about 1.4 and
1.1 m, respectively. This may be because a large amount of
material source was consumed by the upper part of the
flower structure and only a small part could reach the low
part of the flower structure. The density of the column crystal
is about 71012/cm2. Figure 2c shows clearly the four-
period QW layer-structured nanocolumn crystals. The thick-
nesses of the barrier layer and the well layer are 6 and
18 nm, respectively. The QW and the GaN cap layer are on
the tip of the crystals. The underlayer is pure GaN. Figure
2d shows the surface SEM image of the column crystal in
a large area on the pillared Si substrate, indicating three dif-
ferent parts of the flower structure, namely, low part A short
Si pillars, middle part B middle length Si pillars, and top
part C long Si pillars, where the length of the Si pillars is
different due to the lithographic irregularity. Our QW crys-
tals grew not only on the horizontal Si 111 surface but also
on the vertical sidewall surface of the Si pillars. This is quite
different from other results in Ref. 10, in which the GaN
nucleated only in the horizontal surface of the Si substrate.
Continuous temperature-dependent photoluminescence
PL measurement was carried out using a Hg–Cd laser
60 mW of 325 nm light source. Figure 3 shows the PL
measurement results of the QW crystals on the pillared Si
substrate. At room temperature, the peak position is about
556 nm with wide wavelength range from 400 to 700 nm, as
indicated in the inset of Fig. 3. As the measurement tempera-
ture decreases to about 230 K, another low wavelength peak
of about 400 nm appears, as shown in the inset of Fig. 3. At
low temperature of 15 K, the PL intensity of 400 nm is much
stronger than that of the high wavelength peak. This is very
similar to the PL properties of the InGaN layer in Ref. 11, in
which the low wavelength emission of 432 nm is dedicated
to the InGaN matrix and the high wavelength emission of
511 nm is from the quantum dots QDs in the InGaN ma-
trix. In our case, the wavelength of 400 nm is from the In-
GaN matrix and the wavelength of 556 nm is from the quan-
tum dots. Because of the very strong localized confinement
and a comparatively low electron-phonon scattering effect in
the QDs, PL from the QDs is strong at room temperature and
the peak intensity only increases by about one order of mag-
nitude with the measurement temperature decreasing to
15 K. For the PL from the QW matrix, however, it is much
weak at room temperature and is overlapped by PL from the
QDs. This may be because of the suppression of PL by the
scattering effects of the phonon-electron at room tempera-
ture. When temperature decreases, the scattering effect de-
creases. PL from the QW matrix starts to increase fast and
appears obviously at 220 K, as shown in Fig. 3. As to the PL
from the intrinsic GaN part, an emission at 356 nm was
observed.
Camera image of the PL distribution was obtained with
optical microscopy under a mercury lamp excitation to ana-
lyze the QW distribution in the flower structure. A 405 nm
HgI 3S1-
3P0 line filter was used to excite the QDs. At
wavelengths longer than 450 nm, a high-pass filter was used
to detect the emission. Figure 4 shows the optical micros-
copy images of the PL in microarea of the InGaN/GaN QW
crystals at room temperature. In Fig. 4a, it clearly demon-
FIG. 2. SEM images of the as-synthesized InGaN/GaN column crystals on
the Si pillar substrate. a Cross-sectional SEM image of the whole flower
structure. b Cross-sectional SEM image of the upper part of the flower
structure. c Cross-sectional SEM image of the four-period QW crystals. d
Surface SEM image of the QW crystals in a large area, indicating three parts
different in the lengths of the Si pillars, namely, the low part A, the middle
part B, and the top part C.
FIG. 3. Temperature-dependent PL spectra of the flower structure on the
pillared Si substrate. The inset presents the PL spectra from room tempera-
ture to 200 K.
FIG. 4. Color online Optical microscopy images of the PL from the QW
crystals excited by Hg 405 nm line lamp at room temperature. a PL image
of the three different parts A, B, and C in the flower structure, which cor-
respond to similar regions indicated in Fig. 2d. b PL image around the
boundary of the pillared and the flat Si substrate.
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strates the PL distribution in the different parts of the QW
flower structure. The low part A emits blue and green light,
the middle part B emits yellow light and the top part C emits
red light, where A, B, and C denote to the areas similar to the
ones shown in Fig. 2d. This may be because of the different
In concentration distributions in the QDs in each part since
the heights of Si pillars are different. During the deposition
of the QW crystals, there is a temperature distribution. Tem-
perature tends to decrease gradually from the low part to the
top part in the QW flower structure, resulting in an increase
of the In concentration in the QDs from the low to the top
part.
In Fig. 4b, the region around the boundary of the pil-
lared Si and the flat Si substrate is imaged. PL from the QW
crystals on flat Si and the micropillared Si substrate are quite
different. Bright PL is emitted from the QW flower structure
while PL from the QW crystal in the flat Si substrate is weak.
The wavelength range of PL from the QW crystals on the flat
Si substrate is from 450 to 670 nm. The densely packed QW
nanocolumn crystals on the flat Si substrate were deposited
vertically.
Also, Raman spectra measurement was carried out using
a 532 nm laser source at room temperature. The symmetry-
allowed E2 mode and A1 photon mode peak lines were ob-
served at 567.28 and 730.60 cm−1, respectively. The intrinsic
Raman spectra line of GaN bulk material is
567.70±0.50 cm−1.12 The value of 567.28 cm−1 is in the
range of 567.70±0.50 cm−1 which indicates that our column
crystals are fully relaxed.
Usually, the overall external quantum efficiency of
InGaN/GaN quantum-well structure depends on the internal
quantum efficiency int and the light extraction efficiency
out. Improvement of int often depends on the strain relax-
ation and defect reduction, while for the improvement of
out, researchers usually use surface modification for en-
hancement, such as top p-type GaN:Mg surface roughening
process and n-type GaN:Si surface roughening process.13,14
Our InGaN/GaN nanocolumn crystals are fully relaxed as
indicated from the Raman spectra measurement. This is help-
ful for the improvement of int. Furthermore, the structure of
the QW crystals on pillared Si is also very helpful for the
enhancement of out, as compared with the QW crystals on
flat Si substrate. We have measured the reflectivity of the
QW crystals. The reflectivity of the flower structure is about
5.2%, much smaller than that of the QW crystals 21.3% in
the flat Si region. Therefore, the losses due to Fresnel reflec-
tion and total reflection are decreased by the pillared Si struc-
ture with a large interspace. Obviously, the excited photon
from recombination of the electron with hole in the QW
flower structure easily escapes out, which enhances the ex-
traction efficiency. As shown in Fig. 4b, much brighter PL
is demonstrated from the flower structure than from the QW
crystals in the flat Si region.
In conclusion, nanocolumn-crystallized InGaN/GaN
quantum-well flower structure was deposited using arrayed
Si micropillar substrate. This flower structure demonstrates
high-efficiency light emission and enhances the light extrac-
tion efficiency, compared with the QW crystal on the flat Si
substrate. It will be helpful for the fabrication of optically
pumped GaN-based devices.
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